Roots of wild-type Arabidopsis thaliana seedlings in the Wassilewskija (WS) and landsberg erecta (ler) ecotypes often grow aslant on vertical agar surfaces. Slanted root growth always occurs to the right of the gravity vector when the root i s viewed through the agar surface, and is not observed in the Columbia ecotype. Right-slanted root growth is surface-dependent and does not result directly from directional environmental stimuli or gradients in the plane of skewing. We have isolated two partially dominant mutations in WS (skul and sku.7) that show an exaggerated right-slanting root-growth phenotype on agar surfaces. The right-slanting rootgrowth phenotype of wild-type and mutant roots is not the result of diagravitropism or of an alteration in root gravitropism. It is accompanied by a left-handed rotation of the root about its axis within the elongation zone, the rate of which positively correlates with the degree of right-slanted curvature. Our data suggest that the right-slanting root growth phenotype results from an endogenous structural asymmetry that expresses itself by a directional root-tip rotation.
surface. Root waving is accompanied by a succession of right-and left-handed rotations occurring within the elongation zone (Okada and Shimura, 1990) . Okada and Shimura (1990, 1992) attributed that phenotype to a combination of gravitropism and obstacle-avoidance responses, although the possible involvement of circumnutations was not excluded (Okada and Shimura, 1992; Simmons et al., 1995b) .
Although tropisms direct much of the growth of plant organs, they exert their effects within the limits dictated by endogenous constraints of organ structure. For example, gravitropic, thigmotropic, or phototropic stimuli generate curvatures that subsequently decline over time (autotropism; see Pickard, 1985; Nick and Schafer, 1988; Hart, 1990) . Experiments in microgravity environments have shown that autotropism is not gravity dependent and that it derives from endogenous properties of the responding organ (Chapman et al., 1994) .
Other examples of growth processes conditioned by endogenous properties of the growing organ include nutational and nastic movements. Nutations are native, circular patterns of organ growth that are not triggered by a directional environmental gradient and, therefore, reflect the structural and/ or physiological properties of the growing organ. Similarly, nastic movements result from unique or repeated patterns of differential growth that lead to a change in orientation or shape of a plant organ, and are not the direct consequence of a directional environmental stimulus (reviewed by Hart, 1990; Barlow et al., 1994) .
Severa1 lines of evidence suggest that native directional growth bias exists in A. thaliana roots. For instance, Mirza (1987) identified a clockwise "horizontal rotation" of Arabidopsis roots embedded between two layers of medium containing 1% agar. Under these conditions, agravitropic auxl roots grow in clockwise circles when viewed from the direction of incident light provided perpendicularly to the agar surface, from above or from below. Furthermore, gravitropism contributes to this curvature in wild-type seedlings, acting either additively (seedlings illuminated from above) or antagonistically (seedlings illuminated from below). Even though curvature is dependent on the direction of light and gravity, the directional bias occurs in a plane perpendicular to these stimuli. The existence of clockwise coiling is consistent with a native growth bias (Mirza, 1987) . Plant Physiol. Vol. 11 1, 1996 When A. thaliana seedlings from the Wassilewskija (WS), Landsberg erecta (Ler), and C24 ecotypes grow on the surface of a horizontal agar medium, they tend to deviate away from the vertical, always slanting to the right on that surface (Simmons et al., 199513) . We designate this phenotype "right-slanting" or "skewing." In this paper we characterize that phenotype and report on the identification and characterization of two mutants, named skul and sku2, that develop an exaggerated, rightslanting, root-growth phenotype on agar surfaces.
MATERIALS A N D METHODS

Plant Stocks and Manipulation
Wild-type Arabidopsis thaliana seeds (ecotype WS) were kindly provided by Tim Caspar (DuPont), and wild-type Columbus (Col) and Ler seeds were provided by the Arabidopsis Biological Resource Center (The Ohio State University, Columbus). The collection of T-DNA-mutagenized A. thaliana lines (49 pools of 100 independent transgenic lines each, corresponding to a total of about 60,000 seeds) was also obtained from the Arabidopsis Biological Resource Center (Feldmann et al., 1994) . All techniques aimed at surface sterilizing A. thaliana seeds: germinating and growing them in Petri dishes on medium containing onehalf the concentration of salts recommended by Murashige and Skoog (1962) with 1.5% Suc and various concentrations of agar, as indicated in the text; transferring the corresponding seedlings to soil; and growing, self-fertilizing, or cross-pollinating them, were as described by Okada and Shimura (1990) , by Fedoroff and Smith (1993) , and by Simmons et al. (1995a, 199513) .
Screening for A. thaliana Mutants Affected in
Root Waving
To identify A. thaliana mutants defective in root waving on tilted agar plates (Okada and Shimura, 1990) , we surface-sterilized and plated seeds from the collection described above on the surface of a medium containing 1.5% agar (type E, Sigma) in square Petri dishes. Plates were wrapped in aluminum foi1 and incubated at 4°C for 2 d to promote uniform germination. They were unwrapped and grown vertically at 22°C in a Conviron (Asheville, NC) TC16 growth chamber and subjected to 16-h day/8-h night cycles for 3 d. Light intensity was maintained at around 70 pE m-' spl using cool-white fluorescent bulbs (F20T12/ CW, Philips, Eindhoven, The Netherlands). Then, plates were tilted backward 30" and grown for another 4 d. At the end of that period, the pattern of root waving was compared with that of control wild-type plants of the same ecotype (WS) subjected to the same experimental protocol (Okada and Shimura, 1990) . Seedlings that showed altered root waves were transferred to soil and allowed to selffertilize for four generations. These progenies were tested the same way.
Quantification of Right-Slanting
Surface-sterilized wild-type and mutant seeds were sown on the surface of 0.8 or 1.5% agar medium (type E, Sigma). After 2 d in the cold (4°C) and darkness, plates were transferred to the Conviron TC16 growth chamber and seedlings were grown under the conditions described above, except that the plates were positioned at an angle of 95 to 100" from the horizontal (tilted slightly forward) to avoid root waving (Okada and Shimura, 1990; Simmons et al., 1995b) . In some experiments (see "Results" and "Discussion"), plates were positioned at various angles from the vertical to test the effect of the extent of plate tilting on the response. Pictures were taken every 6 h with a Nikon N8008S camera mounted with a 60-mm Micro Nikkor (Tokyo, Japan) 1:2.8 lens, and Kodak Ektachrome (Rochester, NY) 160T film. Slides were digitized and analyzed with the National Institutes of Health (NIH, Bethesda, MD) Image Analysis software (version 1.54) on a Macintosh Centris 650 computer to determine the root-tip angle from the vertical. The data were transferred to a Microsoft Excel spreadsheet, and the average angle of root growth at each time point and its SD were calculated and plotted using the same software.
The effect of white light, red light, and far-red light on the left-slanted, root-growth phenotype was determined by plating seedlings on agar surfaces and analyzing them as described above, except that the specific light treatment was provided in a Conviron TC16 growth chamber. Redand far-red-light treatments were performed by filtering white light (generated by Philips F20T12/ CW cool-white fluorescent bulbs) through two layers of monochromatic red and far-red light filters (wavelengths of transmitted light were 620-680 nm with a maximum peak at 659 nm for the red-light filter, and 670-870 nm with a maximum peak at 750 nm for the far-red-light treatment). In both cases, light intensity in the chamber dropped to approximately 6.6 pE m-'s-'.
Quantification of Root Cravitropism and Root Coiling on a Clinostat
Similar strategies were used to quantify root gravitropism, except that vertical plates were rotated by 90" after 2 d of growth (Bullen et al., 1990; Masson et al., 1993; Simmons et al., 1995a) . Pictures were taken before and every 6 h after reorientation and analyzed as described above.
Similarly, the rate of root coiling on the clinostat was measured on seedlings that were grown either on the surface of 0.8% agar medium or submerged within the medium (as described in the "Results") in Petri dishes that rotated at 1.5 rpm around an axis either perpendicular or parallel to the agar surface. Petri dishes that rotated around an axis perpendicular to the agar surface were positioned lid-to-lid on the clinostat so that one-half were rotating clockwise and one-half were rotating counterclockwise when viewed through their lids. Plates that rotated around an axis parallel to the agar surface were also placed lid-tolid, but were scored together because little plate-to-plate variation was observed in that experiment. The roots of approximately 20% of the tested seedlings grew into the agar medium or outward into the air. These seedlings were omitted from our analysis. In each clinostat experiment, seedlings were allowed to grow for a period of 96 h, after which the plates were analyzed as described above. The root-tip angle from a line extending from the hypocotyl downward was measured on each seedling according to the convention shown in Figure 5 , and the mean angle and SD were determined. Between 8 and 31 seedlings of each genotype (Col, WS, skul, and sku2) were subjected to each assay condition.
Quantification of Root-Tip Rotation
The rate of root tip rotation about its axis was determined by microscopic analysis of epidermal cell files using a dissecting microscope. Pictures were taken of each root, digitized, and analyzed with the NIH software. The root tip (7 mm) was virtually segmented into 0.160-mm units (which corresponds on average to the width of an A. thaliana root, 0.160 ± 0.026 mm, n = 80). For each segment, the number of epidermal cell files crossing the root midline was determined and considered positive if associated with left-handed root-tip rotation, or negative if associated with right-handed root-tip rotation. The average number of CFRs per segment was determined for each root and defined the average CFR for that root.
Time-course studies of CFR were conducted by transferring 6-d-old skul, sku2, and WS seedlings onto plates containing freshly poured medium containing half the concentration of salts recommended by Murashige and Skoog (1962) with 1.5% agar, realigning them to the vertical, and labeling the lowest 7 to 10 mm of the root tip with graphite grains (Okada and Shimura, 1990) . Graphite grains were also placed on adjacent sites on the agar surface to serve as fixed reference points for measurements. Plates were transferred to the growth chamber and incubated under the conditions described above, tilted 5 to 10° forward to avoid root waving. Pictures were taken every hour for a period of 20 h through a dissecting microscope (M3Z, Wild, Heerbrugg, Switzerland) (magnification 200X), digitized, and analyzed with the NIH Image software to determine the position of each graphite grain on the surface of the root relative to the agar surface. Dynamic data regarding roottip rotation were obtained by defining the position of each grain relative to the others, as well as relative to the X-Z axis defined by the agar surface and a virtual cross-section of the root, as shown in Figure 8B and described by Okada and Shimura (1990) .
RESULTS
Direction of Root Growth in Wild-Type A. thaliana
Seedlings on Vertical Plates
The direction of root growth in wild-type plants belonging to various A. thaliana ecotypes was determined by measuring the angle from the vertical root tips on seedlings growing on an agar surface. The roots of wild-type Col seedlings grew almost straight and vertically on vertical agar surfaces ( Fig. 1 ; Table I ). However, wild-type WS and Ler roots grew progressively away from the vertical, always slanting to the right (to the left when roots were seen through the lid of the plate) on such surfaces. On the other hand, roots from seedlings of all tested ecotypes grew vertically when embedded within the medium (Table I) . Therefore, wild-type roots of different A. thaliana ecotypes showed different growth properties on the surface of an agar medium.
Identification of sku Mutants
To better define the mechanisms involved in slanted root growth on the surface of an agar medium, we identified A. thaliana mutants affected in that phenotype, using the wavy-root screening assay developed by Okada and Shimura (1990) . From the 4900 T-DNA-mutagenized WS lines tested, three showed an exaggerated right-slanting root-growth phenotype when grown on the surface of a 1.5% agar medium tilted 30° from the vertical, or on the surface of a 0.8% agar medium tilted 5 to 10° forward to avoid root waving (Fig. 2, A and B) . All three mutants maintained the right-slanting root-growth phenotype for at least four generations. The mutations defined by these three lines were designated skul, sku2, and sku3; they were not tagged by a T-DNA insert (data not shown). Two of these (skul and sku2) are further characterized here. Figure 1 . Right-slanting root-growth phenotype of wild-type Col, Ler, and WS seedlings. Photograph of 7-d-old Col, Ler, and WS seedlings grown on the surface of a 0.8% agar medium in a plate tilted slightly forward to reduce root waving. The photograph was taken from the back of the plate through the agar medium. Note that the WS and Ler roots slant to the right, whereas the Col roots grow more or less vertically.
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www.plantphysiol.org on July 20, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved. The kinetics of right-slanting in roots of wild-type WS and of skul and sku2 mutant seedlings were defined by time-lapse studies. A deviation from the vertical in rootgrowth direction appeared very early after germination and increased over time (Fig. 2) . In the assay shown in Figure 2B , skul and sku2 mutant roots reoriented to the horizontal after 10 d of growth, and some roots reoriented even farther, growing upward. Furthermore, WS roots skewed minimally, illustrating the phenotypic variability of the right-slanting root-growth phenotype (see below). In experiments in which right slanting of skul and sku2 mutant roots did not develop as severely, the roots reoriented to reach an asymptotic growth vector at 30 to 90° to the right from the vertical, after 8 to 10 d of growth (Fig. 2, A and B) . In all cases the exaggerated right-slanting rootgrowth phenotype of skul and sku2 mutant seedlings was associated with a slight reduction in the rate of root growth (77 and 70% of the wild type, respectively).
The degree of right-slanting of wild-type WS and mutant skul and sku2 roots varied from experiment to experiment, reaching an average angle from the vertical that varied from 30 to 90° for skul and sku2 mutant plants after 10 d of growth, and it was sometimes absent for WS seedlings (see below). However, plate-to-plate variation within each experiment was minimal and was controlled by including plants from all tested genotypes on the same plate. Furthermore, skul and sku2 mutant roots were always found to slant rightward more severely than those of wild-type WS plants, whereas the wild-type Col roots showed little or no slanting.
The right-slanting root-growth phenotype is surfacedependent. Indeed, vertical growth resumed almost immediately after right-slanting roots penetrated the agar surface. Furthermore, when the roots reached the bottom of the plate, right-slanted root growth resumed. Roots also slanted to the right when growing across a surface of moist nitrocellulose filter (data not shown).
The agar concentration of the medium used to test rightslanted root growth influenced the intensity of the phenotype. Roots grown on the surface of 0.4% agar medium did not skew significantly, regardless of their genotype (Table  II) . These roots showed a tremendous proliferation of root hairs all around, even though they clearly grew on the surface. Contact with harder agar media (>0.8% agar) has been described to inhibit root-hair elongation in Arabidopsis (Okada, 1993) . On the other hand, mutant roots grown on 0.8 or 1.5% agar medium skewed more severely, and mutant roots grown on a 3.0% agar surface skewed less than roots grown on a 0.8 or 1.5% agar surface. Finally, roots grown between layers of 0.8% agar medium or between layers of 0.8 and 3.0% agar medium did not skew.
Genetic Analysis of sku Mutants
The genetic basis of the exaggerated right-slanted rootgrowth phenotype in these mutant lines was determined by backcrossing each mutant with a wild-type WS plant and analyzing the right-slanting root-growth phenotype of the corresponding progeny. The skul and sku2 mutations are at least partially dominant: the distribution of root angles from the vertical in Fj plants was more similar to the distribution of root angles in homozygous mutant plants than to that of homozygous wild-type plants (Fig. 3, A and B) .
When the backcrossed F, plants were selfed and the right-slanting root-growth genotype of the corresponding F 2 plants was determined by progeny typing, the segregation ratios (homozygous wild type:heterozygous:homozygous mutant F 2 seedlings) were consistent with the 1:2:1 
Days grown 11 www.plantphysiol.org on July 20, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved. To determine if the skul and sku2 mutations affected the same or different loci, we crossed homozygous skul and sku2 plants and analyzed the right-slanting root-growth phenotype of the corresponding F, and selfed F, families. If the skul and sku2 mutations affect two different loci, one expects to identify wild-type seedlings in the F, population as long as these two loci are not closely linked. Additionally, because these two mutations are at least partially dominant, one also expects that some F, plants (those heterozygous for one or both loci) will develop an intermediate right-slanting root-growth phenotype between the wild-type and mutant parents. In the experiment shown in Figure 3C , the distributions of root-tip angles for skul and sku2 seedlings (varying between 10 and 45") did not overlap with that of wild-type WS seedlings (varying between O and 10"). Yet, some segregating F, seedlings showed a degree of root slanting typical of wild-type seedlings, whereas others slanted to a degree intermediate between that of wild-type and mutant seedlings, and yet others showed a mutant phenotype. These data are consistent with the skul and sku2 mutations affecting two different loci.
Root Cravitropism 1s Not Affected in skul and sku2 Mutants Surface-grown mutant roots reoriented upon gravistimulation as fast as wild-type roots, independent of whether they were reoriented leftward (Fig. 4A ) or rightward (Fig. 48) . However, the final direction of root growth after reorientation remained rightward of the gravity vector. In contrast, seedlings grown within agar (0.8%) responded like the wild type to the same 90" reorientation stimulus and resumed vertical growth after reorientation (Fig. 4C) .
Because skul and sku2 mutant roots were often found to grow horizontally rather than vertically, we tested the possibility that the right-slanted root-growth phenotype derives from diagravitropism (controlled horizontal growth). Vertical plates carrying seedlings with severely right-slanting (horizontal) roots were chosen and tilted horizontally so that roots were still horizontal but lying on the top of a horizontal agar surface, perpendicular to the gravity vector. If right slanting is simply due to diagravitropism (horizontal growth), one would expect these roots to continue growing straight (horizontally) on the surface of the medium. If not, roots should reorient, penetrate the agar surface, and resume vertical growth. In a11 cases, roots started to coil clockwise on the agar surface before penetrating it and growing vertically to the bottom of the plate (data not shown). This behavior indicates orthogravitropism rather than diagravitropism.
To investigate the possibility that gravitropism could modify the intensity of the right-slanting root-growth phenotype, we quantified the root-tip angle from the vertical of seedlings growing on 1.5% agar surfaces tilted to 70, 90, or 110" from the horizontal. skul and sku2 mutant roots developed a more severe right-slanting root-growth phenotype on plates tilted backward (70") than on vertical plates (90") and on vertical plates than on plates tilted forward (Table 111) . Wild-type WS and Col roots did not slant significantly in this experiment (Table 111 ). However, wildtype WS and Ler, as well as mutant skul and sku2 roots, coiled when the plates were positioned horizontally (Simmons et al., 199513; R. Rutherford and P.H. Masson, unpublished data) . Therefore, the right-slanting root-growth phenotype is not the consequence of plagiogravitropism, and its intensity correlates with the intensity of the pressure between the root and the agar surface.
Slanted Root Growth 1s Not a Direct Result of Cravitropism or Phototropism
To determine if right-slanting root growth is a result of gravitropism or phototropism, wild-type Col and WS and mutant skul and sku2 seedlings were germinated and grown on the surface of a 0.8% agar medium in clinorotated Petri dishes. The clinorotation negates the gravity and light vectors. The skul, sku2, and wild-type WS roots coiled little or not at a11 in either direction when embedded within the agar medium, regardless of the direction of clinorotation (Fig. 5) . However, wild-type Col roots coiled more clockwise or counterclockwise when clinorotated clockwise or counterclockwise, respectively, around an axis perpendicular to the agar surface (Fig. 5) . Embedded roots that clinorotated around an axis parallel to the agar surface tended to coil in a11 three dimensions (data not shown).
A very different picture emerged when seedlings that were growing on the surface of an agar medium were clinorotated (Fig. 5) . When they were clinorotated clock- . Right-slanting root-growth phenotype of homozygous wild-type WS, homozygous skul/skul mutants, and heterozygous SKUl/skul seedlings (A), homozygous wild-type WS, homozygous mutant sku2/sku2, and heterozygous SKU2/sku2 seedlings (B), and homozygous wild-type, homozygous skul/skul and sku2/ sku2 mutant seedlings, and selfed F 2 progeny from a cross between sku1/sku1 and sku2/sku2 mutant plants (C). In all cases, the homozygous seedlings were derived by self-pollination from the parents used to generate, by cross-pollination, the heterozygotes shown in the graph. Each histogram shows the distribution of root angles from the vertical after 8 d of growth under the conditions described in "Materials and Methods." The y axis of each graph represents the proportion of seedlings with roots slanting to the right at the angle represented on the x axis. In all cases, 40 to 70 seedlings were analyzed per genotype, except for the wild-type WS seedlings shown in C, of which 9 seedlings were tested.
wise around an axis perpendicular to the agar surface, skul and sku2 roots coiled clockwise, whereas wild-type WS and Col roots coiled counterclockwise. Surface-grown skul and sku2 roots also coiled clockwise more than wild-type WS roots when clinorotated around an axis parallel to the agar surface. Finally, when the plates were clinorotated counterclockwise around an axis perpendicular to the agar surface, Col roots coiled more counterclockwise than sku2 or WS roots, skul roots, on the other hand, maintained a clockwise coiling under these conditions (Fig. 5) . To test the existence of possible links between rightslanted root growth and the direction and intensity of incident light, vertical plates carrying wild-type WS and Col and mutant skul and sku2 seedlings were exposed to various light regimens, including darkness, or light applied from either top or bottom of the plate for a period of 10 d. Mutant skul and sku2 roots slanted equally well whether the plates were illuminated from above or below (Table  IV) . skul and sku2 roots also slanted significantly to the right when seedlings grew in darkness, although to a lesser extent than when they were illuminated. However, darkgrown roots were much shorter than light-grown roots. Wild-type Col and WS roots did not slant significantly in this experiment (Table IV) . Similar experiments showed that red or far-red light do not affect the extent of right slanting (data not shown). In summary, light quality, intensity, and direction do not modify the right-slanting root-growth phenotype.
Right Slanting Is Not a Tropic Response to Specific Environmental Gradients in the Plane of Skewing
To determine if right-slanted root growth derived from a tropic response to some unidentified environmental vector or gradient in the plane of skewing, we germinated wildtype Col and WS and mutant skul and sku2 seeds on the surface of a 0.8% agar medium poured into both the lid and the base of Petri dishes. The dishes were closed and positioned vertically in the growth chamber. Pictures of the plates were taken after 10 d of growth. sku2 mutant roots grew slanted to the right on their own surface, rather than with respect to some external gradient (Fig. 6, A and B) . Similar results were obtained with skul mutant and wildtype WS roots, whereas Col roots showed little or no slanting on either surfaces (Fig. 1 , and data not shown).
Root-Tip Rotation Accompanies Right-Slanted Growth
A microscopic analysis of right-slanting roots indicated that right slanting is always accompanied by a characteristic rotation of the root tip, resulting in the appearance of CFR (Simmons et al., 1995b) around the root axis (Fig. 7A) . Quantification of the amount of CFR on surface-grown roots indicated that Col roots developing an insignificant amount of right slanting also showed a small amount of left-handed CFR (0.14 CFRs per root width; Fig. 7A ). Rightslanting wild-type WS and mutant skul and sku2 roots developed a significant amount of left-handed CFR (0.39, 0.70, and 0.69 CFRs per root width, respectively). By contrast, roots embedded within the agar medium grew vertically and showed little or no CFR (data not shown).
Root-tip rotation during right-slanted growth was quantified by labeling the surface of the root tip of seven WS, skul, and skul seedlings with graphite grains and following the movement of each grain with respect to the agar surface and to each other during right-slanted growth (see "Materials and Methods"). The root tip of a typical skul seedling grew to the right of the gravity vector, eventually reaching an angle of 45° from the vertical after 8 h (Fig. 8A) . The basal limit of the elongation zone extended to about 0.60 mm away from the root tip, even though some elongation still occurred up to 1 mm away from the tip (Fig. 8, B and D). The apical limit of the elongation zone was located about 0.25 mm from the root tip. Finally, the distance between most other markers and the root tip and adjacent markers continued to increase over time, indicating that they were included within the elongation zone over that period of time (Fig. 8, B and D) . The length of the elongation zone on this A. thaliana root was consistent with the data reported by Okada and Shimura (1990) using similar strategies. Root-tip rotation was defined by following the position of each grain around the root axis over time (Fig. 8B) . All grains within the elongation zone underwent left-handed rotation about the root axis (Fig. 8C) . That rotation remained visible until the grains reached the agar surface (represented by 90°; Fig. 8C ). The rate of rotation correlated with root reorientation (between 3 and 7 h after realignment). Grain e ceased its left-handed rotation after 5 h, when it left the elongation zone. Similarly, grain f, which was in the elongation zone only for the 1st h after reorien- tation, did not rotate about its axis, but remained fixed at + 10° (data not shown). Finally, the rate of grain displacement was higher for grains located at the distal end of the elongation zone (between 0.25 and 0.35 mm from the root tip, as determined by the position of grains c and d between 3 and 5 h) than for grains located at the root tip. This indicates that the rotation was initiated in the elongation zone (grain a in Fig. 8C ).
DISCUSSION
Roots appear radially symmetrical, but they often respond asymmetrically to specific environmental stimuli. In this report, we show that seedling roots from several A. thaliana ecotypes (Ler and WS) but not others (Col) grew asymmetrically on the surface of an agar medium within an otherwise homogenous environment. Under these conditions, roots grew away from the vertical, slanting progressively to their right (to the left when viewed through the lid of the plate), tending to reach a specific angle from the vertical when balanced by gravitropism. Two mutants (skul and sku2) were isolated with exaggerated surfacedependent, right-slanted root-growth phenotypes.
The skewing wild-type WS and mutant skul and sku2 roots developed similar gravitropic responses to 90° gravistimulations when embedded within the agar medium. They also developed similar kinetics of gravitropic reorientation when growing on the surface of an agar medium. However, in this case they tended to realign rightward of the vertical (Fig. 4) . These data suggest that skewing roots possess full gravitropic competence but that they experience a surface-dependent deviation of growth from the vertical that gravitropism cannot completely correct.
The clinostat experiments demonstrate that right-slanting is not a direct result of gravitropism or phototropism. Wild- type WS and mutant skul and sku2 roots growing on agar surfaces coiled dramatically clockwise (when viewed from the top of the plate, as defined by Mirza, 1987) when rotated clockwise around an axis perpendicular to the agar surface, or around an axis parallel to that surface, whereas wild-type Col roots did not coil more in one direction than in the other under these conditions. Furthermore, skul and sku2 roots coiled more on average than wild-type WS roots.
Finally, none of the tested genotypes showed root coiling when embedded in the agar medium (Fig. 5 ). These data are consistent with the observation that agravitropic mutants in the WS and Ler backgrounds show a clockwiseroot-coiling phenotype when growing on the surface of a vertical agar medium (Maher and Martindale, 1980; Simmons et al., 199513 ; R. Rutherford, P. Hilson, J. Sedbrook, and P.H. Masson, unpublished data). Taken together, these data suggest that clockwise coiling results from the development of an unchecked, left-handed curving in the absence of gravitropism (Simmons et al., 199513; R. Rutherford and P.H. Masson, unpublished data) . However, that conclusion should be interpreted with caution. Indeed, Col, WS, and sku2 roots coiled counterclockwise on plates clinorotated counterclockwise (Fig. 5) . This coiling behavior is consistent with the data reported by Table IV . Average root tip angle from the vertical (mean ? SD) of Col, WS, skul, and sku2 seedlings after 10 d of growth on the surface of 1.5% agar medium, illuminated from above or below (70 pE m-' s-'or grown in darkness
The sign convention is the same as in Table I . Mirza (1988) and may reflect an unusual root-growth response to clinorotation rather than an endogenous pattern of root growth (Mirza, 1988) . When clinorotated, roots remained in contact with the agar surface. Similarly, roots growing on plates tilted to 110" from the horizontal remained in contact with the medium, even though gravitropism tended to pull them away from that surface (Table 111 ). These data imply that the root is attracted to the agar by specific characteristics of the surface. Such characteristics could include humidity and/or nutrients, for which tropic responses have been documented in severa1 plant species (reviewed by Masson, 1995) , or surface tension. On the other hand, the rightslanting root growth phenotype did not appear when roots grew within the agar medium on tilted plates, but it resumed when roots hit the bottom of the plate. In this case, the direction of slanted growth on the plastic surface was similar to that of roots growing on the agar surface, even though the humidity or chemical gradient vectors were opposite, being directed toward the surface when roots grew on agar medium and away from the surface when they grew on the bottom of the dish. These data suggest that the right-slanting root-growth phenotype is not simply derived from hydrotropism or chemotropism at the surface, and that the interaction between the root and the agar surface itself, deriving from a combination of gravitropism, hydrotropism, chemotropism, phototropism, and / or surface tension, is responsible for the clockwise coiling and right-slanting root-growth phenotypes described here.
Light
Seedl ing
Therefore, even though gravitropism, phototropism, hydrotropism, or chemotropism are probably not individually required for the development of a right-slanting rootgrowth phenotype, they seem to contribute to it by enhancing the intensity of interaction between root and agar surface. Indeed, one can alter the degree of right slanting by modifying the character of that interaction. For instance, the degree of left-slanted root growth was larger B Figure 6 . The right-slanting root-growth phenotype is not the direct consequence of a directional environmental stimulus. Seedlings were grown on agar surfaces poured into both the base and the lid of a square Petri dish, as defined in "Materials and Methods." Shown is a photograph of the plate after 8 d of growth (A) from the perspective represented in B. The bottom row of seedlings is nearest the camera, on the inner side of the nearest agar surface, whereas the row at the top of the photograph sits on the inner side of the farthest surface. when skul and sku2 seedlings were grown on an agar surface tilted backward than when they were grown on the surface of a vertical agar medium or on the surface of an agar medium tilted forward (Table 111) . Therefore, the degree of root slanting in skul and sku2 seedlings was highest when gravitropism tended to direct the roots toward the agar medium and lowest when gravitropism tended to direct them away from the surface. On the other hand, skul and sku2 mutant roots growing vertically on a 0.4% agar surface did not skew significantly, in contrast to the progressively higher levels of skewing seen on 0.8 and 1.5% agar medium. It is interesting that roots grown on a 0.4% agar medium were covered with root hairs, whereas the contact with harder agar surfaces inhibited root-hair formation (Okada, 1993) . This suggests that the hardness of the agar medium on which the roots grow is an important determinant of the right-slanting root-growth phenotype. The extremely fluid surface of a 0.4% agar medium may lack the rigidity necessary to cause the root to skew, whereas that of a 0.8 or 1.5% agar medium is sufficient. By contrast, roots grown on the surface of an extremely rigid 3.0% agar medium skewed less than roots i ' I e 5 4 5 6 7 0 9 hours grown on a 0.8 or a 1.5% agar medium (Table 11) . Roots specifically inscribe troughs with microscopic structural details (cell files) when grown on the surface of a 3.0% agar medium but not on a 0.8 or 1.5% agar medium, suggesting that such a high concentration of agar (3%) offers an excessive resistance to root-tip movement when compared to the more yielding 0.8 or 1.5% agar surfaces. These data suggest that skewing depends on the mechanical interaction between root and agar surface.
Roots that were grown on a hard 3.0% agar surface but submerged in a soft 0.8% agar medium did not slant, whereas roots that were grown within the same 0.8% agar medium on the bottom of the dish did, suggesting that a minimal differential resistance between the two surfaces is required for the development of that phenotype. Finally, it should be remembered that although the surface is clearly important for the development of a right-slanting rootgrowth phenotype, that phenotype is fundamentally the same when roots grow across a moist nitrocellulose filter, which has a very different texture.
Right-slanted growth was accompanied by a left-handed rotation of the root about its axis within the elongation zone. On average, right-slanting skul and sku2 roots rotated more about their axes than wild-type WS roots did, and wild-type WS roots rotated more than wild-type Col roots did (Fig. 7) . This tendency parallels the right-slantedgrowth phenotype of these plants. However, this correlation does not always hold when one compares the intensity of CFR and the level of right slanting for individual roots of the same genotype, suggesting that the link between roottip rotation and right slanting might not be directly causative. Furthermore, kinetic studies have shown that roots rotate faster when they curve and much less so when they do not curve (Fig. 8, and data not shown) . Finally, Okada and Shimura (1990) have argued that root-tip rotation within the elongation zone is directly responsible for the curvature of roots waving on the surface of tilted agar medium. Therefore, skewing roots seem to rotate within the elongation zone when they curve, rather than rotating continuously (regardless of curvature). Hence, the curvature of a skewing root may result from a surface-dependent, lefthanded rotation of the root tip about its axis.
The mechanism(s) by which root-tip rotation translates itself into skewing may derive from the resistance to rotation and movement encountered by the root tip on the agar surface. We have observed that the rate of rotation is larger at the distal end of the elongation zone than at the very tip of the root, often resulting in that subterminal region of the root bowing out of the agar surface (Fig. 8C , and data not shown) (Simmons et al., 1995b) . This bowing of the root results in a curvature at the elongation zone, which is likely responsible for the clockwise coiling of clinorotated roots. Clockwise coiling will lead to a right-slanted root-growth phenotype when corrected by gravitropism.
From these analyses we conclude that the right-slanted root-growth phenotype on the surface of vertical agar plates results from a surface-dependent endogenous developmental program that tends to force the root to rotate around its axis at the elongation zone, thereby promoting a clockwise coiling. This directional, circular growth pattern is best described as a nutation, as previously discussed by Maher and Martindale (1980) . Simmons et al. (1995b) developed a similar model to explain the wavy pattern of root growth on tilted agar surfaces. They proposed that a right-handed circumnutation process generates the wavy pattern of root growth found on tilted agar plates when corrected by gravitropism. Their model is illustrated in Figure 9A (Simmons et al., 1995b) . However, a more careful, threedimensional microscopical analysis of roots waving on the surface of a tilted agar medium reveals that the wavy pattern of root growth is more complex (Fig. 9, B and C) . The root tends to protrude from the agar surface at each intersection with the central axis of that wave, rather than at every other intersection, as anticipated from the single circumnutation model (Simmons et al., 1995b) (Fig. 9, B-D) . These data suggest that root waving is created by a succession of left-handed and right-handed circumnutations (Fig. 9D) or by other related growth processes accompanied by left-handed and right-handed CFRs, which are brought about by a combination of Figure 9 . Circumnutation models to explain the wavy-root phenotype of seedlings growing on the surface of a tilted 1.5% agar medium. A, Circumnutation model proposing that a wavy root undergoes a right-handed circumnutation around the hypothetical axis drawn at the middle (Simmons et al., 1995b) . B and C, Microphotographs of a root (r) waving on the surface of a 1.5% agar medium (a), viewed from the top (B) or from the right side on the agar surface (C). The micrographs shown in B and C were aligned parallel to each other, using as reference points the root hairs represented by numbers 1 and 2. D, Model of root waving proposing that each wave is formed by a succession of left-handed and right-handed circumnutations around the hypothetical axes drawn on that figure. The micrograph shown in B was digitized, and a skeletized version of it, obtained using the Adobe Systems (Mountain View, CA) Photoshop 2.5.1. software, was used to draw the models represented in A and D.
gravitropism, obstacle avoidance, and other responses to surface-derived environmental stimuli.
The precise nature of the structural asymmetry responsible for the right-slanting root-growth phenotype and for the root-tip rotation is unknown. However, it is interesting to note that the meristem initial cells giving rise to the lateral root cap cells and to the root epidermal cells follow a spiral mode of cell division responsible for a spiral arrangement of the lateral root cap cells in A. thaliana (Baum and Rost, 1995) . Therefore, the right-slanted root-growth phenotype could be a consequence of that pattern of cell division in the root apical meristem, possibly resulting in a similar spiral pattern of cell elongation at the elongation zone (Barlow et al., 1994) . Experiments are in progress to test this model.
The analysis of mutants showing alterations in surfacedependent slanted-root growth should provide clues to the mechanisms underlying that interesting root-growth phewww.plantphysiol.org on July 20, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved.
Plant Physiol. Vol. 11 1, 1996 notype. W e have shown that seedlings from different A. thaliana ecotypes develop different tendencies to slant t o the right when g r o w n on the surface of a n agar m e d i u m (Fig. 1) . Preliminary data indicate that the right-slanting phenotypes of W S and Ler segregate genetically as partially dominant traits (R. Rutherford, P. Hilson, and P.H. Masson, unpublished data), a n d w o r k is i n progress to determine the genetic basis of the differences between ecotypes.
The exaggerated right-slanting root-growth phenotypes of skul a n d sku2 m u t a n t plants also segregate genetically as partially d o m i n a n t traits. The skul and sku2 mutations m a y fall within loci t h a t directly determ i n e root s y m m e t r y or, alternatively, t h a t may indirectly enhance t h e right-slanted root-growth p r o g r a m dictated by the WS genotype. It will be interesting t o determine whether these mutations affect the same locus (loci) as t h e one(s) responsible for the differences in rightslanting root-growth p h e n o t y p e between wild-type W S and Col seedlings, or different loci.
Finally, we h a v e also identified additional mutants
showing an exaggerated right-slanting root-growth phenotype i n the W S background, as well as mutants developing either a right-slanting or a left-slanting root-growth phenotype in the Col background (R. Rutherford, J. Sedbrook, and P.H. Masson, unpublished data). The genetic, physiological, morphological, cytological, and molecular analysis of these m u t a n t s s h o u l d allow us t o better u n d e rs t a n d the processes regulating root g r o w t h and n u t a t i o n i n A. thaliana.
